ABSTRACT
INTRODUCTION
Autographa californicaM nucleopolyhedrovirus (AcMNPV) is the most highly studied of the baculoviruses, a group of large, enveloped DNA viruses that infect primarily lepidopteran larvae. AcMNPV has two distinct phenotypes: one is embedded within a protective protein occlusion and the other remains non-occluded. Occlusion-derived virus (ODV) is responsible for the spread of infection between insects, while budded virus (BV) is responsible for spread of infection from cell to cell within an insect and in tissue culture (23) . During the course of infection, BV is produced first, then nucleocapsids stop budding from the plasma membrane, remain within the nucleus and are enveloped and occluded there. Regulation of the transition from budded to occluded virus is not well understood. It is known, however, that two viral proteins, polyhedrin and p10, are highly expressed late in infection and are involved in the occlusion of ODV (15) (16) (17) . Though highly expressed in infected cells, polyhedrin and p10 are not required for BV production. It is therefore possible to delete one or both of these genes and use their promoters to express foreign proteins in baculovirus expression vectors (10, 24) .
The studies reported herein were initiated to test the promoter of the Drosophila melanogaster metallothionein gene ( Mtn ) as an inducible promoter in a recombinant baculovirus. In general, Mtn promoters remain inducible in foreign cells, although their levels of expression may be altered (13) . Although metallothionein promoters were originally identified by their sensitivity to metal exposure, it is now known that metallothionein promoters are induced in response to a variety of stresses, including metals, heat, starvation and infection (1) . In virally infected cells, controlled expression of foreign stress promoters is further complicated by the fact that the infection itself may induce a stress response that may in turn alter the infection cycle (4) . The cellular stress response may lead to inhibition of viral replication (14) or may actually increase the production of progeny virus and exacerbate the cytopathic effects of infection (11, 12) . We were interested, therefore, in determining the effects of metal treatment on baculovirus-infected cells and on Mtn induction. Our results revealed that while the Mtnpromoter was inducible, it also was nominally active in the absence of specific induction, thereby demonstrating the potential complications of using a stress-induced promoter to control protein expression within the context of viral infection. In addition, our results revealed that copper had unexpected effects on recombination frequency and temporal expression of specific viral proteins, findings which suggested a practical and inexpensive method of increasing both the production of recombinant BV and product yield when using baculovirus expression vectors.
MATERIALS AND METHODS

Construction of Transfer Vectors and Recombinant Baculovirus, AcMNPV-Mtn LacZ
Plasmid DNA was prepared by alkaline lysis and polyethylene glycol (PEG) precipitation as described (18) . Construction of pAc Hsp LacZ (also called pAcLV1; Reference 2) and pAc Hsp LacZ-∆ Phd (also called pAc -DZ1; Reference 27) is described elsewhere. To construct the plasmid pAc Mtn LacZ, pAcDZ1 was digested with Bam HI and Pst I, the termini filled in with Klenow, and the LacZ -containing BamHI-Pst I fragment was gel-purified using QIEX ® (Qiagen, Chatsworth, CA, USA) following the manufacturer's instructions. The pNTP14 plasmid (13) 4 or CdCl 2 at concentrations of 0.1 mM to 1 M. At 24-h intervals, aliquots were taken, and the cell concentration was determined. Trypan blue was used to determine cell viability. To assess Mtn inducibility, Sf9 cells were infected with AcMNPV-Mtn LacZ as described below for metabolic labeling. At the indicated hours post infection (hpi), medium was removed, and the cells were rinsed with cold phosphatebuffered saline (PBS) (18) and lysed directly in 2 ×sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (18) . Electrophoresis and immunoblotting was as described (18) using a 1:1000 dilution of mouse monoclonal antibody to β -galactosidase ( β -gal) and a 1:3000 dilution of goat anti-mouse horseradish peroxidase-conjugated secondary antibody (Sigma Chemical). Signal was detected using the ECL ™ Chemiluminescence Reagent (Amersham, Arlington Heights, IL, USA).
Transfections and Recombinant BV Production
Transfections were done essentially as described (10) . For each transfection, 2 × 10 6 IPLB Sf21 cells (20) in Grace's medium/10% FCS were plated onto 60-mm tissue culture dishes and allowed to adhere for 1 h. The medium was then removed and replaced with 750 mL of fresh medium. For each plate, 1 µg of Bsu 36I-digested BacPAK viral DNA and 2 µ g of the appropriate transfer vector were mixed in 750 µ L of transfection buffer (25 mM HEPES, pH 7.1, 140 mM NaCl, 125 mM CaCl 2 ) and added drop-wise to the plate with gentle rocking. The plates were incubated at 27°C for 4 h, then rinsed with fresh medium and fed with 1.5-mL fresh medium. After 7 days, the BVcontaining medium was removed, floating cells were pelleted, and the BV titer was determined.
Determination of Virus Titer
Virus titers were determined using a sensitive and reproducible immunolog - All Cells 3.6 ± 5. ical assay (22) . Briefly, 30 µ L of Sf21 cells at 1 × 10 6 cell/mL were plated in each 5-mm well of a 12-well, acidwashed slide (Carson Optical, Peotone, IL, USA) and allowed to adhere for 1 h. Medium was then aspirated off and replaced with a 15-µ L drop of medium containing the appropriate dilution of BV (dilutions were 10 -1 to 10 -5 , depending on the hpi). Each dilution was placed in a minimum of 4 wells on two different slides (8 wells total). The slides were then incubated in a humidified incubator for 4 h, after which the inoculum was aspirated off and replaced with a drop (approximately 50 µ L) of 0.6% methylcellulose in Grace's medium/10% FCS with or without 2 mM CuSO 4 . After 72 h in a humidified 27°C incubator, the slides were processed and plaques visualized. First, the slides were overlaid for 1. 
Virus Infection and Metabolic Labeling
For each time point, 1 × 10 6 Sf21 cells were plated in a 35-mm tissue culture dish and allowed to adhere for 1 h. The medium was then removed and replaced with 0.5 mL of medium containing third-passage, wild-type E2 strain AcMNPV (19) at a multiplicity of infection (MOI) of 0.1. The plates were rocked gently for 1 h, then the medium was replaced with 1 mL of fresh medium with or without 2 mM CuSO 4 . Cells were incubated at 27°C until 1 h before the indicated labeling time, at which time the medium was replaced with leucine-deficient medium (Sigma Chemical) supplemented with 10% complete medium, 2% dialyzed FCS and where indicated, 2 mM CuSO 4 . Medium removed from the cells was saved for titering. Cells were starved for 1 h, then 150 µ Ci of 2,3,4,5-3 HLeucine (ICN Biomedicals, Irvine, CA, USA) were added, and the incubation continued for 2 h. Thus, a time point at 12 hpi would be starved from 11-12 hpi and labeled from 12-14 hpi. After labeling, the medium was removed and discarded, and the cells were then gently rinsed with cold PBS and lysed directly in 1 ×SDS-PAGE sample buffer (18) . After boiling, aliquots were taken, and the incorporation (counts per million, [cpm]) was determined by scintillation counting. Equal cpm of each sample was electrophoresed on a 15% SDS-PAGE gel. Immunoblotting and autoradiography were as previously described (8) .
Polyhedra Counting
Individual acid-washed coverslips (22 mm 2 ) were placed in each well of a 6-well tissue culture dish, 0.25 mL of medium containing 5 × 10 5 Sf21 cells was pipetted on top of each coverslip and the cells were allowed to adhere for 1 h. The medium was then removed and replaced with 0.25 mL of medium containing wild-type BV at an MOI 0.1. After 1 h, the inoculum was removed and replaced with 1.0 mL of medium with or without 2 mM CuSO 4 . At 36 or 72 hpi, the cells were prepared for immunofluorescence as described previously (8) . Immunological detection of the major viral capsid protein, p39 (26) , was used to verify infection, and the number of polyhedra was counted in all the cells in five randomly chosen areas on each coverslip.
RESULTS
Inducibility of the MtnPromoter
The Mtn promoter is reported to be tightly regulated, even in non-Drosophilacells (13) . We were interested in conditionally expressing an essential baculovirus gene and therefore required a promoter that was undetec - At the indicated hpi, cells were lysed directly into sample buffer, electrophoresed on a 10% SDS-PAGE gel and transferred to nitrocellulose. The immunoblot was probed using a rabbit anti-β -gal antibody and visualized by chemiluminescence. strongly expressed in the induced state. Therefore, we initiated an investigation to determine whether the Mtnpromoter would be suitable for our purposes. Because many of the metals that induce the Mtn promoter also can be toxic to cells, it was necessary to test several metals to determine which would be least toxic to Sf9 cells. Growth of uninfected cells was essentially normal in CuSO 4 but was inhibited by both ZnCl 2 and CdCl 2 ( Figure 1 ). Figure  2 ). Note that very low levels of LacZ expression were detected in the absence of copper, indicating that the Mtnpromoter was slightly "leaky".
Effect of Copper on Recombinant BV Production
Recombinant viruses are produced by co-transfection of a transfer vector that contains the gene of interest with linearized viral genomic DNA. Since our ultimate goal was to produce a recombinant virus that replaced an essential virus gene with a copy of the gene under control of the Mtnpromoter, copper was included in all post-transfection steps in case the gene product was required early in the viral life cycle. We found that Sf9 cells treated with copper did not remain attached to the culture dish; because adherent cells were needed for transfection and determination of virus titers, these and subsequent experiments were conducted using Sf21 cells. Control transfections were done using BacPAK viral DNA and transfer vectors whose use did not result in the deletion of any viral genes and which contained the LacZgene under the control of either the Mtn promoter (pAc Mtn LacZ), the Hsp 70 promoter (pAcHspLacZ) or a transfer vector containing a Hsp 70 promoter whose use resulted in the deletion of the polyhedrin gene (pAc Hsp LacZ-∆ Phd). The pAc Hsp LacZ-∆ Phd transfer vector was tested to determine whether deletion of the polyhedrin gene (as occurs with many transfer vectors) would alter virus production or protein expression. After transfection, cells were rinsed and given fresh medium with or without 2 mM CuSO 4 . All BV was harvested at 7 days post infection and titered both with and without copper (e.g., BV produced in the absence of copper was titered both in the presence and absence of copper). Surprisingly, there was a 10-fold increase in the production of recombinant BV when transfections were followed by incubation in the presence of copper (Figure 3) . This was true regardless of the promoter used, indicating that the increased titers were not due to a specific effect of copper on the Drosophila Mtnpromoter. Furthermore, the titers were the same whether or not the titering procedure itself was done in the presence of copper, indicating that the apparent increase in titer was not an artifact of the titering procedure (data not shown).
When transfected cells were grown in the presence of copper, the appearance of polyhedra was delayed 1-2 days, and there was an increase in the number of plaques that did not express LacZ(data not shown). DAB staining confirmed that these were indeed virusinfected cell plaques, suggesting that they resulted from aberrant recombination of the viral DNA and the transfer plasmid. Although the intensity of LacZstaining by Mtn LacZ recombinant BV was greatly enhanced by induction, a faint blue signal was detected in the absence of induction, confirming the previous finding that the Mtn promoter is "leaky" when expressed on the viral genome in infected cells (data not shown). In contrast, the intensity of LacZstaining by Hsp LacZ and Hsp LacZ ∆ Phd was unaffected by copper (data not shown). Finally, in the presence of copper, there was a detectable level of recombinant BV produced even when transfections were done with BacPAK DNA alone, suggesting that there was increased recombination of the linearized BacPAK DNA (Figure 3) .
Effect of Copper Treatment on Protein Synthesis in Infected Cells
The observation that incubation with copper after transfection led to a delay in the production of polyhedra suggested that copper treatment might also affect viral protein synthesis. To test this hypothesis, infected cells were incubated in the presence or absence of 2 mM CuSO 4 and metabolically labeled at various times post infection. Because the results of the transfection studies indicated that the effect of copper was independent of the type of transfer vector used, all infections were done with wild-type BV. Early in infection, copper treatment appeared to slightly decrease the levels of total protein synthesis (as determined by 3 H-Leucine incorporation, Figure 4) . By 60 hpi, however, protein synthesis levels were higher in the presence of copper, and by 72 hpi, levels were 100-fold higher (Figure 4 ). Autoradiography of labeled extracts supported these findings. In the presence of copper, there were slight delays in the shut off of host protein synthesis (as determined by the synthesis of higher molecular weight proteins) and in the expression of polyhedrin and p10 ( Figure 5 ). Late in infection, however, copper treatment appeared to extend the expression of polyhedrin and p10 by at least 12 h ( Figure 5 ). 
BV Production and Polyhedra after Infection in the Presence of Copper
The results of the previous experiments suggested that copper treatment led to a 10-fold increase in the production of recombinant BV after transfection and affected the synthesis and accumulation of viral proteins after infection. We expected, therefore that copper treatment also would affect the production of BV after infection. When infections were done with wild-type BV, copper treatment appeared to reduce the early release of BV (Figure 6 ), most likely due to the slight delay in the onset of viral protein synthesis. By 36 hpi, however, there was no significant difference in the titers of BV produced in the presence or absence of copper. Furthermore, copper treatment did not appear to affect the production of polyhedra in infected cells (Table 1) . The fact that copper treatment delayed polyhedra formation in transfected cells, but not in infected cells, suggested that the effect on polyhedra formation was an indirect result of copper treatment.
DISCUSSION
Study of the DrosophilaMtnpromoter revealed that it functioned as an inducible promoter when located in a baculovirus genome in infected cells. Optimal induction was achieved with 2 mM CuSO 4 at approximately 25 hpi. Low levels of Mtn -promoted/ LacZexpression also could be detected in the absence of copper induction. Unfortunately, even this low level of un-induced Mtnexpression made the promoter useless for our original purpose. Studying the effects of copper induction did, however, reveal several interesting phenomena. First, post-transfection treatment with copper resulted in a 10-fold increase in the production of recombinant BV, regardless of the transfer vector used. Second, the effect of copper on BV production was specific to transfection, as post-infection treatment with copper had little effect on BV production or polyhedra formation. Together, these results suggested that copper treatment affected recombination between the linearized viral DNA and the transfer vector. It is known that metallothioneins are induced in response to DNA damage (6) and that the processes of DNA repair and recombination involve many of the same enzymes (5). Therefore, post-transfection treatment of cells with copper may have induced the DNA repair pathway of the host cell, thereby facilitating recombination, leading to increased production of recombinant BV.
Although copper treatment of infected cells did not affect BV production, treatment did affect the timing of viral protein synthesis. In the presence of copper, the shut off of host protein synthesis, the onset of viral protein synthesis and the expression of polyhedrin and p10 were all delayed, possibly because concentrations of CuSO 4 that were able to induce stress proteins also suppressed general protein synthesis (7) . In contrast, copper treatment appeared to extend the period of synthesis of polyhedrin and p10. It is not altogether unexpected that copper treatment altered the pattern of viral protein expression. Metal exposure induces a variety of stress proteins, including metallothioneins, heat-shock proteins and ubiquitin (3, 9) , and metallothioneins can be induced by heat shock, starvation, and infection, among other things (1). Therefore, it is possible that proper baculovirus infection involves or requires regulation of the cellular stress responses, including metallothionein induction. Treatment of infected cells with copper may have altered the ability of the virus to regulate the host stress response, which in turn may have affected the regulation of viral protein synthesis. Interestingly, it has been shown that treatment of AcMNPV-infected Sf21 cells with micromolar concentrations of AlCl 3 or ZnSO 4 increases both the yield of BV (3.6-fold) and polyhedra (1.2-fold; Reference 25). Whether treatment with micromolar concentrations of copper would have a similar affect on virus production remains to be determined.
The results of these studies have practical applications for the generation of recombinant baculoviruses. First, post-transfection treatment with 2 mM CuSO 4 may be a simple and inexpensive method for increasing the yield of recombinant BV. Because the copper is included after the transfection, it would be predicted to be effective regardless of the transfection method used. Second, copper treatment extended the expression of polyhedrin and p10. Since these are the viral promoters most commonly used in baculovirus expression vectors, copper treatment may be useful for increasing the yield of foreign proteins expressed from these promoters.
